A decade ago, non-radiative wireless power transmission re-emerged as a promising alternative to deliver electrical power to devices where a physical wiring proved to be unfeasible. However, existing approaches are neither scalable nor efficient when multiple devices are involved, as they are restricted by factors like coupling and external environments. Zenneck waves are excited at interfaces, like surface plasmons and have the potential to deliver electrical power to devices placed on a conducting surface. Here, we demonstrate, efficient and long range delivery of electrical power by exciting nonradiative waves over metal surfaces to multiple loads. Our modeling and simulation using Maxwells equation with proper boundary conditions shows Zenneck type behavior for the excited waves and are in excellent agreement with experimental results. In conclusion, we 1 arXiv:1903.10294v1 [physics.app-ph]
physically realize a radically different power transfer system, based on a wave, whose existence has been fiercely debated for over a century.
In 2007, coupled WPT re-emerged as an alternative to deliver electrical power to systems where physical wiring is difficult or dangerous 1, 2 . Since, then a number of notable articles appeared [3] [4] [5] . However, these were improvements or at the best variations of the coupled WPT systems originally proposed in 2 . All these existing systems rely on critical coupling between coils of the transmitter and the receiver for efficient delivery of power.
The resonance conditions are easily affected by the external factors 6 . It has been also well understood that the need for a critical coupling leads to peak splitting phenomena for multiple resonant devices 7 . This causes efficiency degradation and hence, are unsuitable for emerging fields such as, internet of things(IoT) and dynamic charging of electrical vehicles. It is therefore, Assawaworrarit et al, proposed parity time circuits to resolve the issue of dynamic wireless charging 6 . Unfortunately, we will continue to face these limitations as long as we rely on critical coupling.
A non-radiating wave-based wireless power transfer system would be a desirable candidate to solve these issues. We wish to draw the attention to Zenneck wave(SommerfeldZenneck wave), which resides at the metal-air interface, akin to SP and surface waves(SW) 8, 9 .
While SP and surface wave (SW) have been widely researched areas in optical physics and metasurfaces, they are relatively less studied in the microwave regime 10, [12] [13] [14] 15, 24 . Here we demonstrate the physical realization of a ZW non-radiative power transmission using the arrangement of a planar ground backed impedance (GBI) surface and a half wave helical transformer at radio frequency (RF). The GBI structure establishes a TM wave spread across the metal surface, whereas, the half wave helical transformer drives the voltage across the GBI terminals. The helical transformer is like the telsa transformer (supplementary information).
However, unlike the tesla transformer it does not generate standing waves. It was earlier theorized that an infinite vertical aperture is needed to excite a Zenneck wave and hence was not physically realizable 11 .
In our results we demonstrate that the problem of 3 infinite vertical aperture can be certainly bypassed. We also demonstrate that unlike the coupled non-radiative wireless power transmission systems, the presence of leaky metal shields does not affect the power transmission efficiency 2, 25 . Moreover, we demonstrate uniform power delivery to multiple receiving units with meaningful efficiency by theory and experiment, as we eliminate the frequency peak splitting issue altogether 7 .
While efficient transmission of non-radiative, wireless power over long distances using earth as a conductor is far from practical realization, it may be possible to utilize already existing metal structures to send guided mode waves for powering electrical devices 1,26,27 .
There exist many practical scenarios consisting of metallic infrastructures, such as nuclear plants, railway tracks, space ships, steel building structures, pipelines, etc. Practical applications include powering Internet of things (IoT) devices, charging for -marine vessels, smart manufacturing floors, and secured shipping containers [26] [27] [28] .
Results
Please note, that the experimental setup is described in the section 1 of the supplementary material.
The key concept of this study is presented in Fig.1 , the detailed analytical model and solution is presented in the supplementary material(under section: analytical formalism).
The Equi-phases. The Fig. 1 c, shows the equi-phases generated due to the localized field oscillations on the metal-air interface. The phase velocity of the wave in the metal is faster than the free space, hence a backward tilt with an angle α is observed, in accordance with 8 .
Sinking of Equi-phases. Likewise, in the Fig. 1 d, the equi-phases undergo a forward tilt and subsequent sinking when they encounter a lossy dielectric 15, 23, 24 .
Hallmark of Zenneck waves. The ZW properties of the proposed system have been experimentally observed and are presented in Fig.2 . The resonator system is shown in the Fig. 2 a, dimensions and parameters are presented in the supplementary material (Fig S 10 and table ST 2) .
a. Frequency independent slow attenuation rate. The Fig. 2 d. Evanescent field/exponential decay. An exponential E-field decay is also observed in the normal direction away from the metal-air interface(listed in Fig. 2 f) , consistent with the evanescent property of the ZW's [8] [9] [10] 15, [19] [20] [21] [22] [23] [24] .
e. FEM Simulation model The equi-phases mentioned in the Fig. 1 c, is shown in the In line with the transmittance parameter results, the shield does not have a significant effect on the equi-phases.
f. Sinking of Equi-phases: Simulation. The simulation of the sinking of the equiphases of a zenneck wave in to a lossy dielectric was mentioned in Fig 1 d . This particular case is simulated using our FEM model and is shown in Fig. 3 c, the simulation conditions are shown in Fig. 3 d. g. Eddy current effect. The current carried in the primary of the resonator coil, is effected by the eddy currents generated on the metal. This effect was reduced by increasing the spacing between the coil and the GBI resonator from 105 mm to 260 mm. 
Discussions
We have demonstrated the excitation of waves on metal surfaces that can be used for delivering electrical power to multiple devices. The waves show slow transverse attenuation property similar to ZW's along the metal-air interface and can be used for efficient powering of devices up to 8 meters using this arrangement. We also show that ZW's can be used for transmitting power across partial metal enclosures. Therefore, the resonator system has the ability to overcome electromagnetic shielding and can be used for powering devices under leaky metal enclosures since the excited waves are non-radiative in nature. Power transmission to multiple receiving resonators with uniform efficiency has also been established experimentally and shows excellent agreement with simulation. The simulation result is compared with coupled mode power transfer system in the supplementary (Fig. S5) . Existing coupled mode WPT systems undergo peak splitting when multiple receiving units are involved. Our study shows that using a wave-based mode of transmission, we can solve this issue.
The efficiency of power transmission increases when multiple receiving units are present, as the power is uniformly spread across the metal surface. This kind of increase, due to multiple receiving units was also observed in a widely followed article, where weakly coupled WPT system is used 29 . The maximum value of E and H-field emitted by the system is 34 % and 89 % lower than the permitted values, regulated by the ICNIRP guidelines Table ST 3) . Thus, this system should not pose as an occupational hazard to human operators. The proposed system has no effect on other devices operating in vicinity(supplementary material demo video links).
